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THE TRANSIENT BEHAVIOR OF CURRENTS AND FORCES
IN THE COIL SYSTEM OF THE STELLARATOR W VII
ESPECIALLY DURING OPERATIONAL DISTURBANCES ¥

H. Preis

1. Introduction / L ®%

The toroidal coil system of the Stellarator W VII for pro-
ducing the main field, consists of U0 uniformly distributed indi-
vidual coils. 1In this system, a 40 kA current pulse main- -
tain%}éﬂaverage magnetic induction of 40 kG over a pulse dura-
tion of 10 seconds. For this order of magnitude of the numerical
values, the individual coils are subjected to considerable
magnetic forces, which are on the order of more than 100 Mp. A
particularly unfavorable coil loading occurs 1if one coil (or
several coils) are suddenly eliminated by means of a short circuit
during the operation. In this case, in addition to the centripetal
forces acting on the individual coils, there are forces which

act in the direction of the axis of the coryegpondigg coil.

The forces mentioned have already been calculated earlier
assuming steady state conditions, i.e. all undisturbed coils are
completely excited and the short circuited coils have no current
[1]. However, the operational state just mentioned can never
occur as. a consequence. of a sudden short circuit.

L Max-Planck Institute for Plasma Physics, Garching near
Munich, West Germany. This. paper was written under a treaty
between the Max-Planck Institute for Plasma Physics and the
European Atomic Commission on collaboration in plasma physics.

k% Numbers in the margin indicate pagination of original
foreign text.



In the present investigation, we will make an exact calcu-
lation of these forces, in the case of short circuit of one coill.
This means that first ofléiijthe transfer functions for the coil
currents must be determined, which will be done here while taking
into consideration all inductive couplings. In addition, we must
consider the fact that a short circuit can occur during any pulse
phase. Therefore, there are various ways in which the transient
behavior of the currents can be influenced. The calculated current
intensities are then used to determine the radialland the axial
forces applied to each coil as a function-of time. In addition,
their maximum values will be determined as a function of the short

circuit resistance, which cannot be determined beforehand. /5

2. Surge power generator installation and operational data

The planned Wendelstein VII (W VII) stellarator provides
for an energy supply to the coil system by means of a surge power
generator [1],[2]. The generator is bullt in the form of a
synchronous generator with two three-phase winding systems which
are separated from each other. The energy supply to the W VII
magnet is done by means of two three-phase load rectifiers (see

Figure 1).

Figure 1 shows only the load circuit of the surge power
generator, because it 1s the only element which is of interest
in the calculations which we will carry out. The complete surge

power generator 1nstallat10n and "its method of operatlon is.

Lglven in [1]. The data. requlred for this version was also taken
from [1], [gJ,V.?hese‘are as follows:



#  Translator's Note: .Commas represent.decimal points.

a) Surge-power generator| -
Useful energy_,,wﬂd_i o _ - E ?‘1J45 GJ ﬂ
Maximum voltage ug = 2 'x 2,75 RV
Maximum current ig = 2‘x 17,5 KA
Apparent power A : - Ng = 167 MVA
Efficiency Ny = 1&5 MW
Frequency f = 100 Hz
Rotation rate range n = 16550 + 12|75
Total angular momentum M % 925 Mpm2 ;
Times: i
De-excitation time (voltage) te =i 0,4 sec
Flat-top tg = 10 sec
Rise time (Eﬁanding still up to max;’R;P.MJ‘tb % 25 min
Repetition time tw = 6 min
Braking time tp ‘% 15 min

b) Load rectifieﬂ | -

| Maximum direct voltage Uml 7.3'3 KV, )

Maximum direct current imax T 2 x'22ﬂ4JK§

c¢c) Toroidal coil system (see Fig. 5)
Number of main field coils N = 40
Diameter of the tlorus core idls= 4 n
Inner-diameter of the coils : Edi = 1,1 m
Quter-diameter of the coils "fda”;wi,g m
Coil widths | b = 18),3em
Winding number iusw =‘§5
Internal resistance of the coil at 20° C 1R£20-“ 6;97 ms
Internal resistance of the coil at 40°C 3{40 2 1,06 $;;
Internal resistance used for the calculation_ulii = lmjzﬁ
Self-inductance of a coil o . -
Mutual inductances (see Table 1) ' #i B 1,1061;mﬁ

/6
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d) Helix

Number of helical windings ny 4 x 24 =
Inclination h dp/2,5
Resistance RH 20| m$2
Inductance Ly 10| mH

e) Operational data

Magnetic field along the torus core i % = 40 KG! 1
Nominal current (for 10 sec flat-top) Iy = 40 KA
Total resistance (R_ = R, + 40°R.) ERI = 60 ms2
g H e 40 g |
Total inductivity (L, = Ly + g;;f %;; Lyj) | Lg = 180|mH

Voltage at the magnet um(t)(see Fig. 2)

3. Description of the pulse cycle
The mesh differential equations which apply for Figure 1

can be used to describe the magnetic current i(t)'

g i'(e) + Rg i(e) = Um(r) (1)
g U
or i (t) . _ Um(t) (2)
It i = Ly
"R
with d = iﬂ l (3)
g

The general solution is given by:

LT T o
. - _ ' I
i(t)EMeW”.JKt to) i(to)’tmfé;{;m(x)ehixxth)dx (%)

_w

"'{o .
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Figure 1. Load circuit of the surge power generator.
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Figure 2. Voltage variation Un(£) at the magnérf ] Curve a 1is
the real and Curve b is the ldealized varilation.



Before we specialize this equation for the individual phases
of the pulse cycle, we must describe the time behavior of the
driving voltage um(t) applied to the coil system. We mean the
voltage which occurs across a load rectifier switched in after
the surge-power generator. During a pulse cycle, it has the
followingﬁ(Figure 2) variation, which can be reproduced by means
of a voltage control or a current control [3] in the excitation
circuit of the surge generator.

Of course it is not possible to influence the magngﬁ voltage
um(t) with the excitation surface without any inertia, because
no infinitely fast current changes are possible in the excitation
circuit. This means that um(t) also cannot carry out any discon-
tinuous changes during the initial excitation or de-excitation.
The operational data given in Section 2 show that the de-excita-
tion time referred to the Ggifééééff}fbﬁ_ﬁﬁgv=i§:ﬁfﬁﬁﬂ ’

to Um2 = gﬂis equal to te = th - t3 = 0.4 seciaJ This corresponds
to a possible voltage change of
at 0,4 sec sec

Taking (5) into accounty.we find the voltage variation (curve a)
given in Figure 2, which is as follows:

o

“(at - fOP‘to £ t £ t;, [1. Range

: U4 for t; £ t £ ty,/2. Range
Um(t) =9 ug, for to € t £ t3, 3. Range (6)
upy - a(t-t3) for t3 € t £ t4, |}, Range -
Lo for t4 € t € tg, 5. Range /

~

/9



It is possible to solve equation (4) in parts, using this ex-
pression. We find the following for the individual phases:

First range (initial excitation phase)

t .
i(pg) = e ""t[i(o) + %fxe"‘ -.dx]v

[/

or with the initial value i(o) = 0

iy = —25lgt -1+ e rurose s
Ly | - (7)
where
Umi_ 3,3 KV S
t) = —=——r =0 55 sec
1= "8~ 6 RKVgec™ L, 07T T (8)
in addition
i(tl) = 4,7472 KA (9)
is the initial value for the next region.
Second range (initial excitation phase)
o .
cam b Umi (x-t1)
i(t)-e (t-t1) i(t1)+ -L—g— e dx
2
or
b ( ' | .
_ mly -d-(t=t1) _ -
';1(t) .— . +'(i(t1)" R ) fir t1<-‘g- t f to (10)

using equation (10)jand the condition

i(t2) = IN = 4o KA (Nominal current)




The initial excitation time is calculated as:

Uml
1 1 1(t2)- —g- 4, 18 sec (11)
t = t ns =
2 =8 I T
“Ra
. - . - - ._'g.
Third range (flat-top phase)
. - & (t-t2) | ; | Um2 d’(x t2)
ig) = © M tee) ¥ Lg dx
o | &
orji = Um2 + (deny -_EEE)_é‘ f(t-tz)"fg” £t £ t £ g (12)%
T (t) Rg (t2) Ry o1 =2 y 3
The previous equation immediately shows that
i . u P
gy = —2—2- = const. (13)
: L Rg T

if, at the beginning of this range, there is a voltage reduction
to

tng = i(AtZ)'"R'g" = 40 KA*60mQ = 2,'4 fxvl (14) L_ll_

This prov1des a trans1tlon to the flat top phase without

any oscillations, for optlmally fast 1n1t1a1 ex01tatlon1

—— g

Since we have assumed a pulse ceiling of
ti = 10 sec

we find

ty = tott, = 14.18 sec (15)

Ly = e Ot t3’[1(t y+ -l;f(u,;\z-ax)e/‘c"“t3)de

/

Fourth range excitation

ts - .
/ .

¥ Here a voltage drop from u o to U5 has been assumed

because the real discharge time is smaller than 0.1 sec.



or

; Vi a | ~J(t-t3) . ., -"
1gy= =2 - —=—|€ 3¢ Ft-t3) 41 |[for t3étLt
(8 Rg aQLg[ U (s
where
o _
tg = t3 + —%3 = 14,58 sec (17)
In addition
i (18)
i(t4)“"="'37.448'KA‘
is the initial value for the last range.
Fifth range (de-excitation phase)
A -d(t-tyg) ‘ 1
Le)= L(eg)® 471 for 4 £ t £ tg (19)

Using the equations (7) to (19), we have given a complete
description of the transient behavior of the magnet current
i(t)’ It is shown by the curve given 1n Figure 3.

For comparison purposes, Figure 4 gives the course of
i(t) if um(t) is approximated by means of a jump function
according to curve b of Figure 2. In this case, i(t) follows
the following analytical representation.

[ o for 0 £ t £ tjp

4 TR -

|2 e HEEET) Jror ek by

E‘ib(t)= 14 ‘ L

i - m2 B /"

- —_ : _ for t, £ t £ t3p

‘ R e (20]
f 9 : g
\ - Fle-t3p) L :

‘p ;i(t3b')e ‘ 3 ). for t3p £ t £ty
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which holds for the new interval division

. ty
t = -
1b 2
typ = t2 ... ...
' tg-t
t3p = t3 + —4—2'—3

A comparison of the two functions i(t) and ib(t) resulted in
such small deviations, with the exception of the beginning of
the pulse, that the relationships (20) were used in order to
simplify the computatilion process.

~
[

4, calculation of the transient currents and forces after

a coil short circuit.

In order to produce a closed magnet field configuration,
the Stellarator W VII consists of N = 40 individual colls
arranged in a toroid (Figure 5). They are operated 1n series
and therefore they all carry the same cur;%nt.in the same
direction around the torus tube. This agéin leads to a
symmetric magnetic field in the toroid, i.e. magnetic field
lines are closed concentric circles around the symmetry plane
of the torus except for slight bulges at the coil gaps. Super-
imposed on the field just described, there is another field
which is due to the current of a winding which has a spiral
shape around the torus tube. However, in this paper we will
not consider the influence of the helical winding which
surrounds the main field coils. We would only like to mention
that it is switched in series with the first field (Figure 6).

12
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Figure 6. Replacement circuit diagram of the W VII magnets.
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Starting with the field line variation described above, for the
Jgéﬁnwfield, we can immediately make a statement regarding the
effective Lorentz forces which act on the coil system.

I-. -ty - 21

K~ GXB ( )

For expediency, the magnetic induction vector B is decomposed

into a radial component Br and a component B, which is tangential

to the torus core. Both are perpendicular tg the current density
vector G at any radial winding cross section, so that according
to equation (21) there is a force Kt tangential to the torus core
and a radial force Kr’ which are applied to each coil. For un-
disturbed operational conditions, (i.e. equal current intensity
in all coils) B is directed inwards over 1/2 of the coil w1dth
and outwards over the other half, because of the symmetrlcal -
design of the installation.

/1T

In addition, the magnitudes are the same at equivalent positions.

Therefore, according to (21) and by summing all infinitesimal
cross-section forces, the resulting tangential force Kt vanishes.
In contrast to this, all coils are subjected to an equally large
resulting radial force K . More specifically, these are
centripetal forces, because if the current density 5 is locally
constant over the cross-section of the coils, the magnetic in-
duction Bt
system is increased. This means that the resulting radial forces

decreases as the distance to the center of the

directed to the outside and acting on the coil elements along
the outer torus edge are smaller than those which are directed
inwards and which are applied to the coil elements along the
inner torus edge.

If there is a sudden disturbance in the operation, caused by
a short circult or similar circumstances, the short circuited
coil prematurely begins to discharge through the short circuit

15



resistance. This results in various current intensities in the
individual coils, which then produce an asymmetric magnet field, f
in particular BrM' According to (21), a Br which has an 55555@%—
ric distribution over the coil width results in a force Kt

which is applied to all the coils, in addition to the radial
force Kf discussed above. The only exception to this is the
short circuited coil itself because in it Br will be symmetric
just like before,Which again means Kt = 0. On the other hand,
the largest tangential force Kt is applied to the coils adja-
cent to the disturbed coil. This tangential force decreases
rapidly for the coils as their distance to the disturbed coil

increases.

The following investigation is restricted to the case of a
short-circuited coil.

/ 18

In order to calculate the transient forces during a premature
discharge of a coil, the transient béhéﬁiofrgf_tgﬂ coil

current 1y .y (N = 1 to 40) is of particular significance. ;PY»
must be calculated here considering all the inductive couplings.
The required coupling coefficients (self-inductance and mutual
inductance) of the system were already given earlier in [1].
They are calculated on the basis of [4]. This means that a
replacement circuit diagram according to Figure 6 can be used
for the calculations. It is assumed that at the time t = tk
there is a short circuit through the coil N = 40. This
assumption does not restrict the geﬁkrality, because we are
dealing with a symmetric coil arrangement (Figure 5).

4.1 Reduction and analysis of the replacement circuit diagram /. 20

In order to analyze the replacement circuit diagram shown in
Figure 6, we would like to carry out an obvious simplification.

16
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Figure 7. Reduced replacement circuit for the W VII magn

et.

All circuit elements which are in series can be collected,

without losing the influence of the overall inductive couplings.

A circuit shown in Figure 7 then remains.

This means that if, outjof a total of n-coils, the last n-m

are short-circuited, we have the following for the result
replacement elements:

Resistance of all undamaged

. 7“ o
. Ry, ='E; R
coils 1r : 1

e

Resistance of all short-circuited “Rzr.=~§; Ry
coils A

» 610‘"*1

. 42 _om ;

Self-inductance of all undamaged :Lllr.= E L ;
coils ‘ ,

6 1 Juo’
Self-inductance of all short- WLZZr S! Li+
circuited coils z : 3

b- '"H” l-m*‘]

ing

(22)

(23)

(2h)

(25)

17




Mutual inductance between the
short-circuited and undamaged Lioy = E E

coils

(26)
o 1 ]-/m&f

If we specialize thﬂse equations obtained for the case
under consideration, that is, n = 40 and m = 39, we find

the following values using the numerical values given in (1],

[2].

=1m@ fori=1t%to U0
1.1061 mH for i = 1 to 40

Resistances R
Self-inductances Lii

Mutual inductances

-

j Liri+y [mHenry]

.0, 64602f}
0,31332
0,17843 . . .

) 0;11198A N

"' 0,07682

. 0,05548
0,04114
0,03112
0,02392

10 0,01861
11 .| 0,01464
12 0,01162
13 0,009 30
14 0,00751
15 0,00612
16 0,00505
17 0,00425
18 0,00369
19 0,00335 -
20 0,00324

OO UL WN

n?' Translator s Note WC5@mé§'reprégéntldecimal pointsJ



The following results are obtained

Ryy = $ 'Ri = 1 mo
“$o
. - : 39 '
Liie = > E L3 % 162,002 mH
40
40
Lyor =>E~ ' E Liy = 3,1280 mH
4o 1 . ,

After preparing the switching elements, we can now carry out the

1,1061 mH

mesh analysis of the reduced circuit [5, 6]. According to it,
the branch currents

(1) = (H) (1)) (27)

are related to the arbitrarily selectgble clrcuit currents
(ik) by means of a structural matrix (H). ¥ Using the trans-
posed structural matrix (H)T, we can also formulate the following
two independent voltage paths, for the circuit under discussion
(Figure 7).

0= (1)) (28)

where the branch voltages
(W) = (ug) + (uy) + (u,) (29)

consist of the individual voltage drops

r
Letters in parentheses are symbolic notations for matrices

and vectors, respectively.

19
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) = & [ ] = @aan (31)

and the source voltages (u ). By sUbstituting equation (27) into
(31), we are led to the following differential equaghon system of
the first orderﬂ

() = = (@71 R (-0 "1 T ()| (32)

with (L) (1) T (L) (H) (33)

(R) = (1) T(Rg) (8) (34)

_MLQLw]l"fto; e e 100 1]
BTl IR B R

14 (35)

r~ -

| Liir Ljo2r ©
(Lg)= | L21r L22r O | ; Li2r = L2ir (36)
' 0 O O . '

| Rax 0 0] e
. (Rd)_=:'. A o L. .',‘_"Rz.:r.‘,”" o’ e a4 7,'-',":'7; Ly ' B 4 T e ( 3 7 )

i I o (38)

20



In order to give a unique solution for this differential equaL”

N
n
=

tion system (32), we must specify the initial conditions

|

| ikﬂl'('tk’] (39)

(ik(tk)) = [ ipo (ty)
These are the current intensities of the circuit currents at
the time tk, at the beginning of the short circuilt. These can

easily be calculated from the equations for undisturbed operation-
al conditions (see Section 3).

As a numerical solution method for equation (32), we will
use the predictor-corrector method given by Hamming [71]. It has

been written as a PFortran routine with the name "Netzwerke 2.

Details are given in [6].

4.2 Evaluation of the network equations.

We will now evaluate the derived network equations.
Of course this must be done in parts within the individual
adjacent ranges of validity, i.e. the equations for undisturbed
operation apply for q er whereas equation (32) applies foq
t * t,. The time t, 1s the time at which a p0551b1é“§56££q
circult occurs. Of course, this time could be within any pulse

phase. Because of the fact that the discharge processes will cer-
tainly differ, we must distinguish between a short circuit during
an initial excitation phase and during the flat-top phase. Both
cases must be analyzed. We will not decide whether or not the
de-excitation of the surge generator and therefore the de-excita-
tion of the total system (the magnhet voltage U, is reduced to
zero) must be carried out immediately after a short circuit. This
is certainly a question which must be discussed in detail. If we
were to decide for a premature de-excitation because it has the
advantage of a lower and shorter loading of the coils by the

21



tangential forces Kt’ then a surveillance installation would be
required for each coil, whiech would signal the disturbance and

would begin the de-excitation immediately. It is likely that

such an installation will be required anyway because of the possi-

ble other types of disturbances (for example, sudden|interruption

in the current circuit). Accordingly, we must distinguish among

the following cases in the evaluation. /25

a) Coil short circuit during the initial excitation phase with

immediate initiation of the generator de<excitation.

According to Figure 3, the initial excitation range extends
from t = O sec to t, = 4.18 sec. Within these limits, that is
at t, = b sec (just before the nominal current IN§ is reached)
we will simulate a short circuit.

At the point tk we have

1wt o o o

oo ?Icorresponding to Eq. (6) fort égtk(...
Um(t) =9 Uml - a(t-tk) for tx€ t £ ty)
Rk = 1 mg

Here Rk is the resistance of the short circuit patﬁ; Its
influence will be studied later on more accurately. First we will
assume the value given above. The transition functions i(t)
which are obtained for these side conditions are shown in
Figure 8 by curves. Similar curves are shown in Figure 9 for the
ideal short circuit (Rk=O).

22
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b) Coil:short circuit'during the flat-top phase with immediate

initiation of generator de-excitation.

According to Figure 3, the flat-top phase extends between

ty, = 4,18 sec to t3 = 14,18 sec. The time of the short circuit

is then fixed at tk = 5 sec.

N

In addition, for this case we have
i(t)”='40“KA = IN = const.
' =

corresponding to Eq. (6) for 't £ tx o

Un (t) =qUm2-a(t-tyg) forlkké t £ tk&
o . for txi1t < tg
: b
R = 1 n2 | |

The transient currents i( are shown in Figure 10.

t)

c) Coil short circuit during the flat-top phase without generator|

de-excitation.

In this case the assumptions of b) apply. However, we will
not introduce any premature de-excitation of the generator in this
case, i.e. the pulse cycle of the undisturbed operation is main-
tained. The magnet voltage um(t) follows the course given by
equation’ (6), and 1t is shown together with the calculated

transient currents in Figure 11.

The curves given in Figures 8 to 11 are given with a normal-
ized representation using the following normalized values

25
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uO = 3 KV . |
The notation and orientation follow from Figure 6. / 31

4,3 Numerical calculation of the magnetic forces

After the current intensities in the individual coils have
become known from the beginning of a short circuit up to complete
discharge of the magnet (Figures 8 to 11))we can now calculate the
maghetic forces applied to the coil system as a function of time.
The calculation will be done at certain points over the entire
time range of an operational disturbance which starts at t 1290
The Fortran routine "Kraefte" is used for this purpose. The routine
is basedcon the magnetic force law (21) and is described in detail
in [8].

The curves given in Figures 12 and 13 show the variation of
the transient azimuthal and radial forces. The following
correspondence holds

Case 4.2.a), Fig. 12 corresponds to Figure 8
Case U4.2.c), Fig. 13 corresponds to Figure 11.

Both diagrams only show the functions Ktl(t)= Kt39(t) and
Krl(t)=Kr39(t)’ because the largest forces are exerted on the
coils N = 1 and N = 39 adjacent to the short-circuited coil N = U0,
The change in direction of the forces Kt(t) is remarkable (in
Figure 5 they are shown with a positive direction). This occurs
because during the discharge, we first have iuo< imaand'later
on i, >1i. (m=1 to 39). Also we can observe the change in the
azimuthal forces Ki(g) with the difference Aif=~iN;iuo%fv‘-
(1y=i¢yy for N = 1 to 39), i.ejfor a1 = 0 all K (,y= O and when
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AL = (Ai)vééﬂ all Kt(t) = Kt(t) max” This is a general
law, so that the forcesth(t) do not have to be calculated for
a short circuit during the flatﬂtop phase (Figure 10), because
the current difference Ai under discussion is smaller over the
entire time interval than the current difference after a short
circuit during the initial excitation phase  (Figure 8). 1In
addition, the functions Kr(t) of the radial forces drop off
monotonically to zero after an operational disturbance is
initiated, and|therefore take on their maximum value during the

undisturbed operation.

If there is not an immediate generator de-excitation, that
is, the planned pulse cycle is maintained in spite of the short
circuit, the currents i(t) first approach a new steady state

(Figure 11). Over the steady range, we have Ai = const., which|

means that the functions Kr(t) and Kt(t) have a well-developed
top range at the level of Krééé;él6o Mp and Ktstaégkizo‘Mp
respectively over a time interval of about 8 seconds (Figure

13). The subsequent de-excitation phase again has the character-

istics of case U4.2.a).

Figure 14 shows the influence of the short circuit resistance
Rk on the coil forces. The absolute magnitude of the resistance
R, of a short circuit can hardly be established because of the

mgny ways in which it can be produced (connectlon of good or bad
metallic conductors, arc transitions, etc.) It would be easy for
the magnitudes of Rk to extend over several orders of magnitudes
if we were to consider all the indicated possibilities. There-
fore, it 1s certainly appropriate to determine the maximum forces
Ktmax as a function of Rk' This 1s discussed for the short
circuit case 4.2.a), which was found to be less favorable. The
curve variation determined (Figure 14) shows that, even if an

ideal short circuit Rk=0 is assumed, the maximum azimuthal
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Figure 12. Azimuthal and radial forces applied to coils N=1]
and N=39 which are adjacent to the short circuited coil N=40"

after a short circuit in the initial excitation phase.
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Figure 13. Azimuthal and radial forces applied to coils N=1 andji
N=39 adjacent to the short circuited coil N=40 ‘after a short

circuit during the flat-top phase without immediate generated
.de-excitation.
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Flgure 14,

The maximum azimuthal forces applied to the coils N=1 and N=39 adjacent
“to the short circuited coil N=40 as a function of the short circuit resistance.



fqrces K = 60 Mp do not even approach the value of 291 Mp

tmax
glven in [1]. This means that the results presented here will
have a positive influence on the construction of coils and the

construction of the frame of the Stellarator.
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